Two major goals in the development of new DNA typing technology for forensic use have always been: (1) to achieve the highest power of discrimination possible using a valid and reliable method, and (2) to preserve limited evidentiary samples by utilizing the smallest portion possible for analysis. The discovery of the STR markers (1-3) as well as the development of fluorescence detection instruments (4-9) provided forensic scientists with sophisticated means of achieving their original goals. The development of highly discriminatory megaplex STR systems used in a fluorescence-based detection mode significantly increased the capability for analyzing a larger number of samples that have a limited amount of biological material (10-16). This combined approach offered great sensitivity and accuracy as well as facilitated the interpretation of DNA mixtures by providing data, such as peak height and peak area, that can be integrated into formulas and subsequently analyzed to assist in profile interpretation (17) (18) (19) (20) .
Methods

DNA Extraction and Quantitation
Casework specimens from the RCMP and the Bureau of Criminal Apprehension of the State of Minnesota, as well as blood from animals, were subjected to standard DNA extraction protocols using organic solvents and ethanol precipitation (30) . Differential extractions were performed on specimens potentially containing semen in order to separate the female cell component (referred to as the F2 fraction) from the male cell component (F3 fraction) (30) . All DNA extracts were further purified using Microcon-100 sizeexclusion columns (Amicon Inc., Beverly, MA) following the recommendations from the manufacturer and stored at Ϫ20°C in filtered, autoclaved, and deionized (FAD) water.
Quantitation of human genomic DNA extracted from the RCMP casework samples was determined using a slot blot hybridization procedure with chemiluminescence-based detection (31) . A biotinylated primate-specific D17Z1 ␣-satellite probe was used to hybridize to the casework and reference samples, i.e., two-fold serial dilutions of the control cell line GM9947A (32; NIST Standard Reference Material No. 2391 PCR-based DNA Profiling Kit) immobilized on a membrane. Nonhuman DNA samples were quantified by UV spectrophotometry and by spectrofluorometry using a PicoGreen-based assay (Molecular Probes, Inc., Eugene, OR).
Amplification Conditions
Simultaneous amplification of the nine STR systems comprised in the AmpFᐍSTR ® Profiler Plus™ amplification system (28) , as well as the gender determination marker, amelogenin, was conducted in a 25-L final reaction volume containing 2.5 ng of genomic DNA (or as specified in the text or in the figure legends; in a total sample volume of 10 L, with FAD water completing the volume), 9.5 L of the AmpFᐍSTR PCR Reaction Mix, 5 L of the AmpFᐍSTR Profiler Plus™ Primer Set Solution and 0.5 L of AmpliTaq Gold™ DNA Polymerase (5 U/L stock). The reagents were kept in the same proportions for DNA samples amplified in final volumes of 5 and 10 L. In these cases, the amounts of input DNA tested were 0.5, 1, and 2 ng; the DNA aliquots were dried out in the amplification tubes under vacuum prior to the addition of the cocktail mix and oil to prevent evaporation.
The reaction mixtures were subjected to a hot start at 95°C for 11 min in order to activate the AmpliTaq Gold™ DNA Polymerase. Amplifications were carried out for 28 cycles using the following parameters: denaturation for 60 s at 94°C, annealing of primers for 90 s at 59°C, and extension for 90 s at 72°C. These cycling parameters differ from those recommended by the manufacturer of the AmpFᐍSTR ® Profiler Plus™ kit. An increase in the annealing step and the extension step by 30 s (i.e., using 90 s instead of 60 s for each cycle) was found to enhance the yield of amplicons by a factor of 2 to 3 in reduced amplification volumes (33) . A final extension at 60°C for 45 min, followed by an overnight incubation at room temperature, were also included as these conditions were required to promote the 3Ј terminal transferase activity of the AmpliTaq Gold™ DNA Polymerase. All amplifications were conducted using a Perkin Elmer GeneAmp™PCR System 9600 thermal cycler and thin-walled 0.2-mL MicroAmp™Reaction Tubes.
Analysis of Profiler Plus™ Fluorescent Amplification Products
An aliquot of 1 to 1.5 L of each PCR reaction was mixed with 0.5 L of ABI GeneScan-500 Internal Lane Size Standard (labeled with 6-carboxy-X-rhodamine [ROX, a fluorescent dye from ABI]) and 4 L of denaturing loading buffer (20 mg/mL blue dextran, 7.3 M urea, 2X TBE, 20 mM EDTA). Following denaturation at 95°C for 2 to 3 min, samples were snap-cooled in ice-cold water and 1.5-L aliquots were loaded on a 4% (19:1) acrylamide:bisacrylamide gel containing 6 M urea (36-cm well-to-read glass plate format; prerun at constant voltage (1000 V) for 30 min and equilibrated to 51°C). Electrophoresis was conducted for 2.5 h at constant voltage (3000 V) in 1X TBE using an ABI PRISM ® 377 DNA Sequencer with the laser power set at 40 mW. Allele sizes were determined using the GeneScan ® Analysis v.2.1 software and the Local Southern size calling method. Automatic allele designation was achieved using the Genotyper ® v.2.0 software (Applied Biosystems Division of Perkin Elmer).
Validation Experiments
Casework Study
In total, 275 miscellaneous samples (111 knowns, 164 questioned sources) representing 48 cases (22 homicides, 19 sexual assaults, 7 other crimes such as incest, impaired driving causing death, and break and enter) were examined. These samples were provided as DNA extracts remaining from concluded RFLP and PCR cases by the Royal Canadian Mounted Police (RCMP) Biology Operations Section (38 cases dated [1990] [1991] [1992] [1993] [1994] and by the Bureau of Criminal Apprehension of the State of Minnesota (ten cases dated [1994] [1995] [1996] . The known samples consisted of 99 bloodstains, seven scalp hair samples, three pubic hair samples, one semen sample, and one saliva sample. The questioned specimens consisted of 94 bloodstains, four hair samples, 25 semen stains, 28 vaginal swabs, three pubic hair samples in cervix (three separate and distinct samples), seven anal/rectal swabs, one sample of fingernail scrapings, one sample of human tissue, and one cigarette butt.
Following DNA quantitation, 33 of the 275 samples showed very light chemiluminescence signals (Ͻ0.2 ng of total DNA) or no signals at all. Only specimens with larger amounts of DNA (i.e., Ն0.2 ng of total DNA) were processed further. For some samples (those Ͻ 2.5 ng of total DNA), the entire DNA extract was consumed during PCR amplification, but, in the majority of cases, 2.5 ng of DNA were used in a 25-L PCR reaction volume with 28 cycles of amplification.
Mixture Study
DNA extracts from blood of 14 individuals (males and females), selected from one of the RCMP Caucasian databases, were used to prepare ten different mixture scenarios (Table 1 ). The amount of total template DNA used was set at both 1 and 2 ng in ratios rang- 
NonHuman DNA Study
The specificity of the primer sets included in AmpFᐍSTR ® Profiler Plus™ was evaluated under reduced PCR volume conditions using different amounts of DNA from a large survey of animals and microorganisms from the vaginal flora and intestinal tract. Many representatives from the higher primates were evaluated, and results for those samples will be presented in another paper. The 26 nonprimate species and number of specimens tested included: dog [6] , cat [3] , pig [4] , cow [5] , horse [5] , mouse [5] , hamster [1] , sheep [6] , goat [4] , deer [11] , moose [2] , bison [2] , elk [3] , caribou [2] , antelope [2] , lemming [2] , kangaroo [1] , ostrich [2] , goose [1] , whale [2] , dolphin [1] , penguin [3] , shark [2] , fish [14] , turtle [2] , sea lamprey [1] . The 13 bacterial and yeast strains examined included: Bacteroides vulgatis, Bacteroides fragilis, Bacteroides thetaiotaomicon, Streptococcus agalactiae, Streptococcus intermedius, Clostridium perfringens, Gardnerella vaginalis, Lactobacillus acidophilus, Lactobacillus fermentum, Peptostreptococcus asaccharolyticus, Escherichia coli HB101, Candida albicans, and Saccharomyces cerevisiae. The amount of DNA amplified was equivalent to that used in standard casework assays (i.e., 2 to 2.5 ng). To mimic extreme situations of contamination, 50 ng of template DNA was also amplified.
Results and Discussion
Casework Study
As detailed in † Type A ϭ 4 peaks, 2 heterozygous, no shared peaks. Type B ϭ 3 peaks, 2 heterozygous profiles, 1 shared peak. Type C ϭ 3 peaks, 1 heterozygous profile, 1 homozygous profile, no shared peaks. Type D ϭ 2 peaks, 1 heterozygous profile, 1 homozygous profile, 1 shared peak. Type E ϭ 2 peaks, 2 homozygous profiles, no shared peaks. Type F ϭ 2 peaks, 2 heterozygous profiles, 2 shared peaks. Type G ϭ 1 peak, 2 homozygous profiles, 1 shared peak. 
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tioned specimens failed to amplify, whereas 6% showed partial results. In total, full profiles were generated for 79% of the samples (192 of 242). Partial profiles were observed in 6% of samples (14 of 242), and failure to obtain a profile was apparent in 15% of the extracts examined (36 of 242). Table 3 presents the AmpFᐍSTR ® Profiler Plus™ results obtained according to the amount of target DNA used for amplification. The majority of specimens had sufficient DNA to permit the use of the recommended amount of DNA (i.e., 2.5 ng). Even so, there were twelve samples (6%) in that group that failed to produce any typing results. Other exhibits had enough DNA remaining from previous typing analyses for only one round of PCR (0.5 to 2 ng). The majority of samples in this category gave results, but a significant number of them (34%) produced no amplicons. Another subset of exhibits had suboptimal amounts of DNA for amplification (0.2 ng) but were nonetheless processed with AmpFᐍSTR ® Profiler Plus™. Interestingly, two samples of the 13 specimens in this group (15%) gave full profiles. However, the majority of these exhibits (69%) provided no genetic information.
The recommended optimal range of template DNA for amplification using AmpFᐍSTR ® Profiler Plus™ in 25-L PCR reaction volume was established between 0.5 to 2.5 ng, although limited typing results were obtained using as low as 0.2 ng of template DNA. The success rate for amplification of samples using 0.5 to 2.5 ng of input DNA was 83%. All AmpFᐍSTR ® Profiler Plus™ profiles generated from casework specimens could be grouped into six different categories.
Category 1-Full Profiles with Balanced Allele Signals
For the majority of casework samples examined (159 of 242, i.e., 66%), the profiles displayed fluorescent signals that were very balanced across the nine STR loci surveyed (Fig. 1) .
Category 2-Profiles with Peak Heights Ͻ150 Relative Fluorescence Units (RFU)
Seven samples (3%) of the 242 samples processed for PCR showed full profiles with fluorescence intensity below 150 RFU. This value of 150 RFU is recommended by ABD as the threshold limit for true allele recognition (28) and was established using very specific amplification conditions (i.e., 50-L PCR reaction volume with a 60-s annealing step and a 60-s extension step). As shown in Fig. 2 , under the amplification conditions described in this paper, samples such as a semen stain on a quilt (female F2 fraction; Panel A), a control bloodstain from a complainant (Panel C) and blood swabbed off a telephone jack (Panel F) provided complete profiles despite low intensity signals. The profile obtained from a semen stain on blue denim shorts (Panel I) exhibited locus dropout at D18S51. In these examples, heterozygote peak height ratios calculated for most STR loci were between 73 to 100%, indicating that most alleles were amplified equally well (Table 4) . However, for each profile, one or two STR loci displayed significant differences in peak heights (differences Ն30%, ratios Յ70%). Those are shown with an asterisk in Fig. 2 . Interestingly, although weak profiles often displayed strong heterozygous peak height imbalances as shown in Table 4 , this was not observed in every amplification that resulted in profiles Ͻ 150 RFU. Heterozygous peak height ratios as high as 95% were calculated for D7S820 with peaks as low as 61 and 64 RFU (Table 4 , results for Panel F). Percentages such as 88% were noted at D18S51 and D13S317 with combinations of peaks as low as 49/56 and 68/77 RFU, respectively. Table 4 indicates that heterozygous peak height ratios Ͼ 90% were observed four times out of 24 heterozygous STR profiles showing peaks Ͻ 150 RFU, heterozygous peak height ratios between 80 and 90% were observed ten times, heterozygous peak height ratios between 70 and 80% were observed four times, heterozygous peak height ratios between 60 and 70% were observed three times, and heterozygous peak height ratios between 50 and 60% were observed three times.
The overall fluorescent signals were enhanced when seven-fold aliquots of the PCR were used for analysis (10 L instead of 1.5 L; see Fig. 2 Panels B, D, G, and J). This allowed the detection of alleles that were below the threshold limit of 40 RFU (see below) before enhancement. Examples are shown in Panel G at D8S1179, where the allele peak height detected below 40 RFU was increased to a value of 196 RFU using the "boosting" strategy and Panel J at D18S51, where both alleles were barely visible before boosting but were clearly detected following enhancement. Although fluorescent signals were enhanced, the heterozygote peak height ratios observed remained essentially the same with an overall range of 73 to 99% for all boosted profiles examined ( Table 4 ). The STR loci that were identified as presenting significant differences in peak heights in the original (unboosted) profiles still showed major differences following enhancement. In general, variations between 1 to 12% were noted when peak height ratios were compared between low intensity profiles and boosted profiles for each individual STR locus. In one specimen, however, peak height variations as high as 15 and 16% were noted at D8S1179 and D21S11 (Panel G).
Under the experimental conditions described herein, the 150 RFU lower signal threshold, recommended by ABD (28) for the recognition of a true allele, represents an overly conservative lower limit for casework samples. Results provided in the present section indicated that profiles with peak height values less than 150 RFU could provide crucial information about a complainant's or a suspect's genetic profile. This genetic information, either complete or partial, is very important in an investigation and could expedite the exclusion of suspects and assist in the inclusion of others. In order to effectively use the important genetic information provided by degraded or highly compromised evidentiary samples, the lower threshold of 40 RFU was chosen for the recognition of potential alleles (30) . Any fluorescent signals below this limit could potentially represent background noise and may be difficult to interpret. It is important to keep in mind that potential alleles (from a single source sample or a minor component in a mixture) detected with marginal peak heights (i.e., just below threshold) can be boosted to bring their peak heights above the threshold of detection to allow them to be assigned an allele number by Genotyper. In such instances, efforts are made to keep the intensity of the alleles comprised in the single source profile or the major component alleles below the 3500 RFU ceiling established for Profiler Plus profile analysis, as above this value the presence of PCR artefacts is more prevalent and could interfere with the interpretation of mixtures. As shown in Fig. 2 , adopting the boosting strategy does not impact significantly on the differential peak heights observed. All peaks are kept essentially in the same proportions as noted in the initial profiles, before enhancement, with less than 10% variation.
Category 3-Full Profiles with a Descending Signal Gradient from Amelogenin to D18S51
Descending signal gradients were observed in 14% of casework samples tested (33 of 242). Examples are shown in Fig. 3A , and the overall gradient values expressed as percentages for each profile n/a n/a n/a n/a n/a n/ § Boosted ϭ genetic profile generated using 10-L amplicons instead of 1.5 L of the PCR amplification reaction. (( n/a ϭ not applicable as the profile at that locus was homozygous. ¶ LDO ϭ locus dropout, both expected alleles missing. the same as those obtained using 1 ng of DNA, i.e., very balanced across all nine STR loci (see Table 5 ), with the exception of the fluorescence signal strength, which was proportionately reduced compared to the one noted for the profiles generated using 1 and 2 to 2.5 ng (data not shown).
PCR inhibition appeared to be overcome by reducing the amount of DNA extract used for amplification in a 25-L reaction. However, using a limited quantity of DNA in a large PCR volume reduces the overall allele peak heights. In order to enhance the fluorescence signal of samples, we examined the effect of a simultaneous reduction of the volume of DNA extract and PCR reaction. We were interested in finding out if the inhibition seen using 2 to 2.5 ng in 25 L, which disappeared using 1 or 0.5 ng in 25 L, be observed again using 1 or 0.5 ng in 5 or 10 L. Figures  4A and 4B present the results of the samples that showed the most significant slopes in Fig. 3A (Panels B, D , E, and G), suggesting the most inhibition under the amplification conditions used. They should be the most affected when amplified under reduced conditions of input DNA and reaction volume. Inhibition was indeed noted in the case of 1 ng of DNA in 5 L for all samples shown (Figs. 4A and 4B, Panels B and F). All four profiles displayed the descending slope observed initially when 2 to 2.5 ng of DNA were used in 25-L PCR volume. The average gradient values for the three colored sets of STRs were very similar to those calculated for profiles generated using 2 to 2.5 ng in 25 L (see Table 5 ). In profiles generated using 1 ng in 5 L, n/n ϩ 1 products were even detected, which is indicative of the suboptimal amplification conditions. • PROFILER PLUS STR ANALYSIS AND CASEWORK 7 generated using 2 to 2.5 ng of DNA in a 25-L PCR volume are provided in Table 5 . Gradients were calculated using the lowest allele peak height value over the highest allele peak height value in the profile for each colored set of STR loci and using half the peak height value for homozygous loci. The average of the three gradient values calculated is provided for comparison. As depicted in Table 5 , under the amplification conditions selected for the AmpFᐍSTR ® Profiler Plus validation, different specimens produced different profile gradients.
This pattern observed could be the result of progressive DNA degradation or inhibition by unknown factors still present in the DNA extracts even after performing the Microcon-100 purification step following DNA extraction. Such factors may have an adverse effect on amplification by preventing effective polymerization of the larger STR loci products. If the latter possibility was true, then reducing the volume of DNA extract used for amplification should decrease the concentration of potential PCR inhibitors and improve the quality of the profiles. The Profiler Plus™ typing results generated using 1 ng of DNA, instead of the initial 2 to 2.5 ng DNA for each sample shown in Fig. 3A , are exhibited in Fig. 3B . The reduction in the volume of DNA extract resulted in the production of very balanced profiles for all samples retested (11 out of 33 samples as some were used up during validation), suggesting that the original pattern observed was indeed due to PCR inhibition. This overall improvement in the fluorescent signal balance was reflected in the average gradient values calculated for all profiles generated using 1 ng of DNA (see Table 5 ). The signal balance was improved by approximately 9 to 27% and by as much as 53% in the case of human tissue (19% versus 72%) using less DNA. When the volume of DNA extract was further reduced by a factor of two, i.e., using 0.5 ng of input DNA in 25 L, the profiles were essentially PCR reaction (Figs. 4A and 4B, Panels A and E). The overall signal balance was reflected in the average gradient values calculated for profiles generated under the specified PCR amplification conditions. The latter scenario (0.5 ng of DNA in 5-L PCR reaction) allowed amplification to occur effectively, enhancing the fluorescence signals without affecting significantly the differential allele peak heights noted within a heterozygous profile.
Category 4-Partial Profiles
Some of the samples that failed to produce complete Profiler Plus™ profiles are shown in Fig. 5 , Panels A, D, and G. Overall, 14 samples of the 242 specimens examined (6%) generated partial Profiler Plus™ profiles. In the majority of the partial profiles, a gradual loss of the largest STR amplicons was noted. However, there were three instances where STR loci with mid-size range alleles failed to amplify while larger STR alleles were efficiently amplified (data not shown).
Samples in this category were examined further to determine if other amplification conditions could improve the quality of their profiles or their typing outcome as failure to provide full profiles could be the result of DNA degradation or PCR inhibition by some factors present in the DNA extracts. The complete and balanced profiles generated using 1 or 0.5 ng of DNA in 25-L PCR volume for three samples that initially produced partial results are shown in Fig. 5 , Panels B, C, E, F, H, and I. Reducing the volume of DNA extract by a factor of two or four provided excellent results. The profiles obtained using 0.5 ng of DNA were complete, but the fluorescence intensity was half that noted when 1 ng of DNA was used. These results suggest that inhibition by unknown factors was preventing efficient amplification when 2 ng of DNA were used in 25 L. Under reduced conditions of input DNA and PCR reaction volume, results were identical to those obtained for samples of Category 3. Excellent typing results were seen for 0.5 ng of DNA in 5 or 10-L reaction and 1 ng in 10 L, but obvious inhibition was noted using 1 Fig. 1 . ng in 5 L (Table 5 and data not shown). In addition, under such reduced amplification conditions (1 ng in 5 L), n/n ϩ 1 products were detected as previously shown in Figs. 4A and 4B, Panels B and F.
FIG. 4A-Profiler Plus™ profiles from a human tissue specimen and a known blood from a complainant included in Category 3: "Full profiles with a descending signal gradient from Amelogenin to D18S51," amplified under reduced template DNA (0.5, 1 ng) and reduced PCR volume (5 L, 10 L) conditions. For details on PCR amplifications, refer to the Methods section. For a description of the panel X-and Y-axis and the genetic markers included in Profiler Plus™, refer to the legend of
As observed for profiles that exhibited the peak height pattern typical of partially degraded DNA (i.e., showed a slope), partial profiles could be converted into balanced and complete profiles simply by reamplifying the samples under reduced conditions of input DNA. There was no need for further purification of the DNA extracts using another Microcon-100 column as a second amplification using half or a quarter of the original amount of DNA (i.e., 1 or 0.5 ng) provided excellent results. Although limited to a few casework samples, a simultaneous reduction in the input DNA (0.5 ng instead of 2 ng) and PCR reaction volume (5 or 10 L instead of 25 L) provided excellent typing results for all samples retested. Such conditions allow the reduction of the cost of the amplification assay even further by a factor of five (5 L used instead of 25 L). A more detailed validation study using casework samples and mixtures was carried out under reduced PCR reaction volumes and similar conclusions were obtained (33) . Under these amplification strategies, the AmpFᐍSTR ® Profiler Plus™ amplification system provided excellent results in more than 85% of the samples. This percentage represents an underestimation because many samples showing partial or no profiles could not be retested under reduced conditions because they had been used up during validation.
Category 5-Profiles with n/n ϩ 1 Products
Profiles with split peaks (n/n ϩ 1) were noted in 35 samples of the 242 examined (14%). These split peaks were observed despite the additional extension period of 45 min at 60°C and the overnight incubation at room temperature included in the routine amplification protocol in order to promote the AmpliTaq DNA polymerase 3Ј-terminal transferase activity. As indicated in Table 6 , of the nine STR loci included in Profiler Plus™, D3S1358, D8S1179, and HumvWA were the most resistant to the nontemplated nucleotide Fig. 1 . addition, with the highest incidence of n/n ϩ 1 products noted with D3S1358 (97% of the total samples exhibiting n/n ϩ 1 products). In contrast, none of the 242 profiles produced from casework specimens during the validation study presented split peaks at D21S11, D13S317, and HumFGA. The remaining three STR loci (D5S818, D7S820, and D18S51) and amelogenin showed moderate resistance to the nontemplated nucleotide addition.
FIG. 4B-Profiler Plus™ profiles from a known blood from a complainant and a bloodstain on a pillowcase included in Category 3: "Full profiles with a descending signal gradient from Amelogenin to D18S51," amplified under reduced template DNA (0.5, 1 ng) and reduced PCR volume (5, 10 L) conditions. For details on PCR amplifications, refer to the Methods section. For a description of the panel X-and Y-axis and the genetic markers included in Profiler Plus™, refer to the legend of
It has been shown that the AmpliTaq DNA polymerase 3Ј terminal transferase activity is influenced by the nucleotide sequence at the 5Ј end of the reverse primer (34). Magnuson's study also indicated that dATP or dGTP promote the addition of a nucleotide (preferentially dATP) at the 3Ј end of the duplex molecule, while dCTP or dTTP are bad substrates for the addition. As the Profiler Plus primer sequences remain proprietary to ABD, it is not possible to verify that the D3S1358 reverse primer has indeed a dCTP or a dTTP at its 5Ј end. This would explain the high propensity of D3S1358 to show n/n ϩ 1 split peaks. To minimize the production of split peaks, amplification conditions described herein have been designed to drive the reaction towards the addition of a nucleotide at the 3Ј end of all blunt-ended amplicons.
Category 6-Mixed Profiles
Twenty samples (8%) of the 242 exhibits tested presented mixed profiles. Mixed profiles were further dissected using data collected during validation of the Profiler Plus system regarding stuttering and heterozygous allele peak height differentials. Table 7 summarizes both the stutter percentages and the heterozygote peak height ratios noted for each of the STR loci included in Profiler Plus. The stutter percentage values were established from all nonmixture casework samples examined during the validation (35) . The FAMand JOE-labeled STR markers were more prone to stuttering as reflected in the higher stutter percentage values calculated for these markers (14-16%) versus values obtained for the NED-labeled STR loci (9 to 11%). As a conservative approach, stutter percentages for Fig. 1 (6) , D13S317 (7), HumFGA (8) , D7S820 (9) , and D18S51 (10) . the blue and green STR systems in Profiler Plus have been set at Յ 16% and at Յ 12% for the yellow STR loci. In other words, a spikeshaped peak located in a stutter position (n-4) is considered a true allele when the ratio of that "stutter" peak to the sister peak is Ͼ16% for the blue and green STR loci and Ͼ12% for the yellow STR loci.
FIG. 5-Profiler Plus™ profiles from casework specimens included in Category 4: "Partial profiles" amplified under normal and reduced template DNA and PCR volume conditions. PCR amplifications were performed using 2 ng of DNA in a 25-L PCR reaction volume (Panels A, D, and G), 1 ng of DNA in a 25-L PCR reaction volume (Panels B, E, and H), 0.5 ng of DNA in a 25-L PCR reaction volume (Panels C, F, and I) as detailed in the Methods section. For a description of the panel X-and Y-axis, refer to the legend of
Optimization of the primers at each locus included in the Profiler Plus™ megaplex system was attempted by the manufacturer in order to balance the peaks (i.e., obtain the same peak height) in heterozygous samples. As shown in Fig. 1 , the Profiler Plus profiles generated from forensic specimens during validation were generally well balanced. For nonmixture casework samples, the median values obtained for the peak height ratios of the lower peak (in RFU) to the higher peak (in RFU) was determined to be Ն 84% at all loci (84% being the lowest observed median value) with a standard deviation of Յ 13% (13% being the highest value); see Table 7 . This means that heterozygous peak height ratios as low as 45% (84%-3SDs [13%]) could be observed when 99.7% of all nonmixture casework sample measurements are considered. Although rare, this strong signal imbalance could potentially be seen in casework samples.
Blood Mixture-Mixture Composed of Two Males; No Major/
Minor Component Identified-Mixed profiles generated from bloodstains swabbed off a steering wheel are shown in Fig. 6 . With blood samples, differential extraction is not performed, and the number of potential donors and the major and minor components are established over multiple loci. The identification of major and minor components at each STR locus is accomplished, first, by considering all possible genotypes that may have contributed the profile observed and, second, by calculating the ratios of the highest peak of any possible minor component to the lowest peak of any putative major component (in RFU). The four-peak profiles are usually examined first followed by the three-peak profiles. Based on the most extreme heterozygous allele peak height ratio calculated for nonmixture casework samples (i.e., 84%-3SDs [13%] ϭ 45%) and results of the studies for both pristine mixtures and casework mixtures, it was initially and arbitrarily established that when the ratio of the highest peak (in RFU) of the putative minor component to the lowest peak (in RFU) of the most probable major component is Յ 20%, at the majority of STR loci where calculations can be performed, a major component can be identified in a mixture comprised of two individuals. Subsequently, as casework experience was gained using the AmpFᐍSTR ® Profiler Plus™ amplification system, that value was reassessed, deemed to be too conservative and was eventually changed to Յ 30%. When more than one genotype combination may have contributed the profile observed at any one STR locus, as noted for D3S1358 and Hum-FGA (Fig. 6, Panel A) , D8S1179 (Fig. 6, Panel B) , D5S820 and D13S317 (Fig. 6, Panel C) , the most conservative option is used and the most probable combination is said to be the one that presents a ratio Ͼ 30%. This approach favors combinations where no major component can be identified. Using this very conservative approach, no major component was identified at any of the STR loci evaluated in Profiler Plus™ for the mixed blood sample profiles shown in Panels A, B, and C. In this instance, no frequency estimates can be calculated for a major component, as it could not be unambiguously dissected out and attributed to a single source. No match to a major component is declared. Instead, an inclusion probability for the contributors can be derived using the program "STRmix," which enumerates all possible genotypes that could have contributed to the mixed profile. "STRmix" has been developed by Dr. George Carmody (Dept. of Biology, Carleton University, Ottawa) in collaboration with the RCMP (30). "STRmix" can be employed when the minor component has peak heights Ն100 RFU and is present at three or more loci. Although the minimum FRÉGEAU ET AL.
• PROFILER PLUS STR ANALYSIS AND CASEWORK 13 * For heterozygous profiles constituted of alleles differing by one core repeat (four bases), the larger allele was excluded from the stutter calculations. Stutter peaks for parent alleles Ͻ 100 RFU were excluded from the calculations. The median values plus 3 standard deviations (SD) are used for profile interpretation as these values include the most extreme stutter expected in 99.7% of all nonmixture sample measurements.
† N represents the number of "scorable" alleles for stutter calculations and the number of allele pairs used for heterozygous peak height ratio calculations.
‡ Heterozygous peak height ratio ϭ lower intensity allele over higher intensity allele X100. * Genetic markers are listed by size, i.e., from the smallest to the largest size range. † Some samples had n/n ϩ 1 products at more than one locus.
threshold for a true allele has been set at 40 RFU, peak heights Ն 100 RFU are used in "STRmix" to ensure that any sister peak accompanying a minor peak of 100 RFU would be detected. According to the heterozygous peak height ratios mentioned earlier, this sister peak could be as small as 45 RFU (median 84%-3SDs
[13%] ϭ 45%). When minor peaks are detected below the 100 RFU cut-off for "STRmix," the amplified samples are run again using larger aliquots of the PCR reaction in order to enhance the fluorescence signals and ensure that all minor peaks to be detected are indeed being detected. Only those loci where one is confident that all peaks in the mixture have been detected would be included in the estimation of the inclusion probability.
Differential Extraction-F3 Fraction is a Mixture of Male and
Female-Mixed profiles derived from the differential extraction of an oral swab with semen are shown in Fig. 7 . The FAM-labeled and JOE-labeled STR amplicons are presented. In this particular example, the F3 fraction presented a mixture consistent with having originated from two individuals. In this sexual assault case, the endogenous female profile was successfully subtracted out of the mixture in the F3 fraction and a single additional contributor was unambiguously dissected out at each locus (i.e., there was only one possibility for that profile at each locus). As this profile matched the known sample from the suspect, a random match probability was calculated using the specialized software "STRQuest" (30) at all STR loci where the male contributor was unambiguous.
In the majority of sexual assault cases, the F1 fraction (first wash of the differential extraction process) is not normally examined in the interpretation of the profiles generated from the F2 and F3 fractions as a result of the successful separation of the male and female components. However, there are instances where the F1 fraction will facilitate profile interpretation by providing a clearer view of the male profile. For example, in the case of vasectomized individuals whose profiles would most likely be detected in the F1 fraction or in the case where the contribution of a male in the F3 fraction is minor and his profile is buried underneath the female component. During the validation of the Profiler Plus™ megaplex, 19 sexual assaults were processed. In total, eleven F1 fractions provided full profiles. Of those eleven profiles, seven corresponded to the complainant's profile, one was consistent with the suspect's profile, and three were consistent with a mixture of both the suspect's and complainant's profiles.
All typing results generated for casework samples using the megaplex Profiler Plus™, under the specific amplification conditions described in this report, corroborated the results obtained previously using other PCR-based STR multiplexes (21, 29) . Samples that failed to produce a profile using Profiler Plus™ in 25 L also showed no results using other STR multiplexes under different amplification conditions (data not shown). The same conclusions were reached in most cases where all pertinent samples were still available for analysis. However, the wide range of heterozygous allele peak height ratios noted for nonmixture casework samples using Profiler Plus™ (Table 7 ) reduced the percentage ratio at which a minor component could be unambiguously identified in a mixture. Consequently, some cases for which a minor component was identified using previous STR multiplex systems (21, 29) were assigned an inclusion probability to support the contribution of the donors of known samples to the mixture.
Mixture Study
Ten different mixture scenarios were set up, using total DNA amounts of 1 and 2 ng, in order to evaluate the ability of the Profiler Plus™ amplification system to detect minor profiles in mixtures. As detailed in Table 8 , depending on the mixture scenario (i.e., if the minor component shared alleles with the major component or possessed alleles corresponding in size to n-4 stutter peaks of the major alleles), the limit of detection of a complete Profiler Plus™ profile at all loci for a minor component ranged from 10:1 (when contributor X1 was the major component; Mixtures 3, 4, and 5) to 1:20 (when Contributor X2 was the major component; Mixtures 7 and 10), using 2 ng of DNA for amplification. Very similar results were recently reported by Holt et al. (15) using 50 L of PCR volume. Reducing the amount of template DNA from 2 to 1 ng also diminished the ability to detect minor components, as reflected by the lower detection limit of 1:8 obtained when contributor X2 was the major component (Mixtures 7 and 10). Detection of a mixture at a minimum of one STR locus was possible with ratios Ͻ 20:1 and Ͼ 1:20. Examples of electropherograms produced in this study and used to generate data presented in Table 8 to the bottom two panels for each set of dye-labeled STR systems revealed that, using 2 ng of DNA for amplification, all expected peaks for the minor component were detected at a ratio of 10:1 for each STR locus with the exception of two peaks at D8S1179 (see Panel E). The first allele was buried under a stutter peak and the second fell below the 40 RFU threshold limit of detection. For this combination of genotypes with contributor X1 as the major component, the limit of detection of full profiles at all STR loci was determined to be at a DNA ratio of 8:1. With Contributor X2 as the major component, the limit of detection of full profiles at all STR loci was determined to be at a DNA ratio of 1:20 (Figs. 8B and 8C ). In these figures, all alleles in position of stutter peaks were easily identified since the stutter percentages were all above the normal range of stutter values for the STR loci examined (i.e., Յ12% for the NED-labeled STR loci and Յ16% for the FAM-and JOE-labeled STR loci). However, one allele at D21S11, one at D13S317, and one at D7S820 fell below the 40-RFU threshold limit of detection when 2-L aliquots of the PCR were used for analysis (Fig. 8B, Panel F and Fig.  8C , Panel C). Increasing the PCR aliquot by a factor of two enhanced the overall signal intensity of the profile and allowed detection of these three alleles at 1:20 (compare Panels F with H in Fig.  8B as well as Panels C with E in Fig. 8C ).
As the proportion of target DNA from contributor X1 reached that of contributor X2 in mixtures with DNA ratios of 2:1, 1:1, or 1:2, the detection of multiple alleles at any one STR locus was facilitated. However, the assignment of any one of these alleles to a specific donor became more challenging due to equal band intensities (data not shown). A systematic approach as detailed in the previous section is then required to interpret those mixtures.
NonHuman DNA Study
The human specificity of the STR loci included in the AmpFᐍSTR ® Profiler Plus™ amplification system was tested on a limited number of animals and reported previously (28) . Under reduced PCR volume conditions (i.e., 25 L), all nine STR primer sets failed to yield amplified products from DNAs of the domestic and wild game animals tested (see list in Methods/Validation Experiments-Nonhuman DNA Study). The use of 2.5 or 50 ng of DNA for amplification did not produce any artefact peaks for any of the animals examined (data not shown).
None of the 13 bacterial or yeast strains examined showed peaks when amplified with the Profiler Plus™ system using 2.5 ng of DNA. However, two bacterial strains, i.e., Bacteroides thetaiotaomicon and Streptococcus agalactiae, produced minor peaks (85 and 97 RFU, respectively) using 50 ng of DNA. The green peak in Bacteroides thetaiotaomicon, sized at 231.74 bases, corresponds to a position within the allele size range for D21S11. The green peak in Streptococcus agalactiae, sized at 197.90 bases, also fell within the human D21S11 allele size range (data not shown). Amelogenin results were obtained for the majority of animals tested. Gender determination was not possible in domestic and wild game animals as only one band sized at 102 bases was detected. No amplification products were detected in fish or any of the marine animals tested, with the exception of the whales, which displayed a 102-base fragment.
These results indicate that samples that may have come in contact with nonhuman biological sources, and more specifically with microorganisms, should provide clean and interpretable Profiler Plus™ profiles. This is especially true considering the excess target to contaminant ratio of DNA required before the monosignal is attained.
The ultimate evaluation of any DNA typing system resides in its performance with casework and mixture samples. The results presented in this report all point to the robustness and reliability of the AmpFᐍSTR ® Profiler Plus™ system when used under the experimental conditions described herein. Reducing the PCR volume to 25 L allows major cost savings per sample analysis while maintaining high quality profiles. With this system, very high discrimination can be achieved with minimal analytical consumption of crucial evidentiary samples. These represent major advantages for forensic laboratories contemplating ways to reduce cost without compromising high quality service.
